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Introduction

Recent work in the field of emergency and therapeutic hypothermia'?**® conducted by
the Safar Center for Resuscitation Research (SCRR) shows excellent results. Part of the
SCRR work is based on induction of mild-moderate or profound hypothermia (SA) in
laboratory animals using devices developed and fabricated by Ardiem Medical, Inc.

An engineering prototype of a device used for the induction of mild (34°C) to moderate
(30°C) hypothermia was delivered to SCRR in August 2003. Mild to moderate
hypothermia is induced via a venous or arterial shunt for use in cases where the patient
exhibits spontaneous circulation. An engineering prototype device used for the induction
of profound hypothermia (10°C - 20°C) was delivered to SCRR in December 2003.
Profound hypothermia is induced by a flush of a large volume of chilled fluid, via the
thoracic aorta, toward the heart and brain, with drainage from the right atrium. Profound
hypothermia induction is for use in cases of cardiac arrest resulting from trauma-related
exsanguinations. The purpose of these original engineering device prototypes was to aid
the SCRR staff in their research and to provide Ardiem Medical, Inc. with feedback for
refining these devices.

Ardiem Medical, Inc. used results obtained by bench testing of the engineering
prototypes, plus results on animal testing at the SCRR, and recommendations by the
SCRR staff to reiterate the design and update these device prototypes. This information
was also used to revise the design requirements documents. Updated engineering
prototypes of both devices were delivered to SCRR in September 2004.

The next generation of these devices will be clinical prototypes for hospital use (ER) and
will be designed and built to meet the updated design requirements. The clinical
prototypes will be used for human testing, and clinical trials, and are due for delivery in
the first half of 2005.

In addition Ardiem Medical, Inc. conducted an investigation regarding the feasibility of
designing portable devices for field use: a) for profound hypothermia induction in the
battlefield, b) for profound hypothermia induction in emergency vehicles, c) for mild-
moderate hypothermia induction in emergency vehicles, and d) combination
profound/mild-moderate hypothermia induction device in emergency vehicles. An
engineering prototype of a combat profound hypothermia induction device is available but
not fully tested. The prototype was delivered to SCRR also in September 2004. An
engineering prototype of a profound hypothermia induction device for emergency vehicle
(EV) use is scheduled for delivery in the second half of 2005. An engineering prototype of
a mild-moderate induction device for emergency vehicle use is scheduled for delivery in
2006, with a possible combination device, also for emergency vehicle use, to follow.



Body

Mild to Moderate Hypothermia Induction Devices

The goal of mild (34°C) or moderate (30°C) hypothermia induction is to lower the core
body temperature under spontaneous circulation via shunt blood flow after cardiac arrest,
traumatic brain injury, acute stroke, spinal cord injury, etc. and during surgical
procedures. The induction of mild or moderate hypothermia has been shown to decrease
the damage to organs, specifically the brain, during low blood flow. Several access
techniques for inducing mild hypothermia are available depending upon the specific
situation and are discussed by SCRR. The variations do not materially affect the device
design or configuration.

The basic requirements of the device as underlined in the original design requirements
document are:

1. To chill deviated blood in shunt to a minimum of 6°C (lower causes damage) for
the purpose of gradually reducing body core temperature to a selectable 34°C or
30°C.

2. To maintain core body temperature at 34°C or 30°C.

3. To circulate deviated blood in shunt at a flow rate of up to 500 mL/min.

4. To be used in a hospital trauma emergency room setting with electrical power
requirements that are consistent with that available in the hospital. That is 120
VAC at up to 20 A.

Two engineering prototypes of this device (see Figure 1) were designed and built. The
first prototype was delivered to SCRR for animal testing and evaluation in August 2003
and the second was kept for testing and refinements.

Figure 1. Photograph of the first (left) and second mild-moderate engineering prototypes.

To meet the cooling requirements of 1 and 2 above, it was determined (see previous
report) that the system must pump 1300 W of heat, plus heat gained from ambient, for a
total of 1600 W and maintain a constant temperature. Controlling of the evaporator
temperature, blood temperature, and the body temperature, by cycling the compressor
on/off was dismissed because it would result in large swings in temperature and cause




inrush currents. Instead, a method of controlling the evaporator temperature through
control of the system cooling capacity was chosen.

Among the relevant control methods, the indirect hot-gas bypass method was chosen.
The concept is depicted in Figure 2. This method uses a controllable bypass from the
high-pressure side with the injection occurring between the expansion valve (TEV) and
the evaporator. In the high demand mode, the bypass remains closed and the system
supplies its full output. If the demand falls, the controller continuously opens the hot-gas
bypass valve. Hot-gas now flows through the bypass to the evaporator inlet where it
mixes with the liquid refrigerant and is cooled. As the liquid evaporates the vaporization
temperature rises, thus lowering the system output. The indirect bypass control is the
best choice because it is simple and reliable. To be effective, the expansion valve must
be capable of controlling the refrigerant supply (R134a) from 100% to the minimum load
requirement
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Figure 2. Block diagram of indirect hot-gas bypass control concept.

The chosen compressor/condenser was capable of pumping 2010 W at 7.2 evaporator
and 32.2°C ambient temperatures while operating at 120 VAC with maximum current
draw of 18 A.

Blood must be chilled through the evaporator from 37°C to approximately 6°C, at a flow
rate of 500 mL/min. The evaporator (see Figure 3) consists of a primary heat exchanger
and a secondary heat exchanger. The secondary, which is part of a disposable tubing
set, must be sterlilzable and heparin bondable. Existing heat exchangers intended for the
cooling of blood are not capable of cooling to the extent required for the induction of mild
hypothermia within the time frame desired. Therefore custom primary and secondary
heat exchangers were designed and constructed. The required size of the bag was
calculated to be100 mm x 265 mm (3.94 in x 10.43 in).



Figure 3. Photograph of the evaporator consisting of a primary heat and a secondary
heat (fluid bag partially inserted) exchanger.

System bench testing at Ardiem Medical, Inc. and testing on animals at SCRR showed a
body cooling rate that exceeded expectations but also revealed some problems. The
most critical problem was not being able to stabilize the patient temperature at mild
(34°C) or moderate hypothermia (30°C) to within +/-0.5°C. Also returning to
normothermia’ (37°C) could not be accomplished. To resolve these problems a pair of
Kapton foil heaters was added to the evaporator. In addition a reduced amperage (15.5
A) and cooling power (1680 W at 7.2°C evaporator and 32.2°C ambient temperatures)
condensing unit was chosen to allow both compressor and heaters to be powered on all
the time. The evaporator plates were reduced in thickness and polypropylene was used
for the outer top and bottom plates instead of aluminum in order to reduce the mass and
speed the response. Also, fluid bags, which were increased in length by two inches, were
designed and custom fabricated.

The original heating requirements were calculated as follows:

Heat exchanger mass: 9.5 x 14 x 2.125 = 332 cu in or 33Ibs.

Thermal capacity of aluminum: 0.214 BTU/Ib -°F (9/5) = 0.38 BTU/Ib-°C.

Thermal capacity of exchanger: C = 0.38 (33Ib) = 12.5 BTU/°C.

Raising the temperature of the evaporator from 0°C to 50°C (AT = 40°C), requires
12.5 x 50 = 625 BTU or 183 W-hr.

Two 4 in X 12 in heaters of 4 W / sq in power density, will provide
2x4x12x4W =384 W

and will raise the temperature in

' Return to normothermia requires heating of blood and was not included in the original design
requirements.




183 W-hr / 384 W = 0.476 hr or 28.6 min.
Total current drawn by the heaters at full power is equal to
384 W/ 120V =3.2 A.

The heater design and placement, plus the control algorithm for heating and cooling (see
Appendix A for details) took a few iterations to yield optimum results. We decided, in
order to avoid damage to blood, to control the blood inflow temperature (infused to the
body) to 10°C for hypothermia or 42°C for normothermia until the body temperature
reaches the set point +/-0.5°C then switching to controlling the body temperature to the
set point (see Appendix B for details). The new design was tested and was found to be
capable of stabilizing the body temperature to within +/-0.5 of the set point albeit at a
slower cooling rate. That is 0.226 °C /min versus 0.326 °C /min for a flow rate of 500
mL/min and for a body mass of about 25 kg observed in the first engineering prototype. In
addition, it was requested by the SCRR to increase the selectable flow rate from 500
mL/min maximum to 1000 mL/min maximum, and to determine the effects of expanding
/contracting the tubing ID and the effects of the increased flow rate at high/low fluid
temperatures, and accurately calibrate the flow rates. Initially the flow rates were off
because the NIST traceable calibration instrument we used to obtain reference readings
was malfunctioning (see Appendix C). Testing was carried out (see Appendix D) and
found that the pump could accommodate faster flow rates up to 900 mL/min and the
compressor was of sufficient cooling power to accommodate the faster flow rates.
Eventually all SCRR requests were granted. As a result, the second engineering
prototype was updated with these changes and with the new temperature control
approach.

SCRR also requested the inclusion of a bubble detector and provisions for fluid pressure
measurement and display. These requests were addressed (see Appendix E and
Appendix F), but the changes were not incorporated in the second engineering prototype
because of the extensive additions to the electronics it would have required. However
they will be incorporated in the clinical prototypes that will be designed and built to meet
the specifications underlined in the design requirements document (see Appendix G),
which was revised as a result of the testing and recommendations by SCRR.

Because of the reduced current draw, the clinical prototypes for hospital use will utilize an
attractive graphical user interface. However operation at 120 VAC and just under 20 A,
plus the large size and weight of the components makes direct transition to a portable
device practical only for large emergency vehicles (see Appendix H for details).
Therefore, the vapor compression refrigeration method does not lend itself to
miniaturization. For this reason the CO, refrigeration method was revisited and tests were
carried out to determine applicability (see Appendix |). Initial testing shows promising
results as enough energy exists in a 20-lbs compressed CO2 cylinder to induce mild
hypothermia to a 75 kg person at a rate comparable to that of mechanical refrigeration.
Therefore a device that utilizes CO, cooling and operating on a 12 V battery (good for 1"/,
hours of procedure), weighing about 70 Ibs, and measuring 2.5ft x 3ft x 1ft (see Appendix
J), not including the compressed CO; cylinder, is feasible. A 20-lb compressed CO,
cylinder weighs about 45 Ibs when fully charged and measures 9” diameter X 28” height.

Profound Hypothermia Induction Devices

Profound hypothermia is intended for use primarily in cases of trauma-induced
exsanguination cardiac arrest. In these cases, which are considered unresuscitable by
standard methods, the profound hypothermia (suspended animation), with or without
drugs, is intended to preserve the organs for delayed resuscitation, organ repair, or organ
harvesting.



The induction of profound hypothermia is accomplished by a rapid one way flush with a
large volume of cold fluid via the thoracic aorta toward the heart and brain, with drainage
from the right atrium.

The basic requirements of the device as underlined in the original design requirements
document are:

2. To maintain 20 L of fluid to -5 to + 5°C (isotonic saline solution is presently used
while other fluids are to be researched and or developed by SCCR and others)

. To deliver the fluid by means of a pump at up to 2 L/min via a disposable and
sterile tubing set and a catheter.

4. To be used in a hospital trauma emergency room setting and the power
requirements are to be consistent with that available in the hospital.

Two engineering prototypes of this device (see Figure 4) were designed and constructed.
The first prototype was delivered to SCRR for animal testing and evaluation while the

Figure 4. Photograph of the first (left) and second profound (updated) engineering
prototypes.

To meet cooling requirement 1, an insulated cold box was needed with an evaporator
and a small 20 W, 12V DC condensing unit (a 50 W was chosen, see previous report) for
maintaining the fluid inside the diffusion cold bag. Controlling the fluid temperature to the
set point requires accurate fluid temperature measurement. A suitable medical grade skin
temperature probe was chosen and tested for this application (see Appendix K).

System bench testing at Ardiem Medical, Inc. and testing on animals at SCRR (see
Appendix L and Appendix M) showed results to be within expectations and the device to
be operating within specifications. However the SCRR requested some testing and
enhancements to the device such as: a) determination of the effect of fluid temperature
on flow rate, b) accurate calibration of the flow rates, c) transparent cold box door to allow
viewing of the fluid level in the diffusion bag, d) inclusion of a bubble trap/filter e) inclusion
of a bubble detector, and f) fluid pressure measurement and display. Subsequent testing
was carried out (see Appendix D, Appendix E, and Appendix F) and all these requests
were granted. As a result, the second engineering prototype was updated with changes
a) — d) and tested successfully (see Appendix N) but not with changes e) and f) because
of the required extensive additions to the electronics. However these changes will be
incorporated in the clinical prototypes that will be designed and built to meet the




specifications underlined in the design requirements document (see Appendix O), which
was revised as a result of the testing and recommendations by SCRR.

Because all components of this device operate at 12 VDC and draw a small amount of
current, a) it is a simple task to transition this device to a portable version and b) it allows
for the clinical prototypes for hospital use to utilize an attractive graphical user interface
(see Appendix H for details). The concept and feasibility of a portable profound
hypothermia induction device based on vapor compression refrigeration for emergency
vehicle use is presented in Appendix P while preliminary design requirements are listed
in Appendix Q.

It is uncertain whether the above unit will be applicable for battlefield use. For a unit in the
form of a backpack for battlefield use, the weight of the cold box and refrigeration system
are excessive, as maximum load was determined to be 70 Ibs. The weight of a filled 20-
liter fluid bag alone is about 45 Ibs. Therefore if pre-chilled fluid is available for use and
the fluid bag is placed in a chamber with good insulation, refrigeration is not needed.
After assessing insulation materials and successful testing (see Appendix R for details),
Ardiem developed a concept and determined the feasibility of a combat profound
hypothermia induction device (see Appendix S). Ardiem also developed preliminary
design requirements for such a device listed in Appendix T. An engineering prototype
(see Figure 5) of such a device was designed and fabricated. The unit is packaged in a
backpack and weighs 22 Ibs excluding the fluid. Preliminary testing shows that the unit
holds 20 liters of fluid to within 5°C for 6 hours with battery power enough for six
procedures before recharging.

We also looked at the possibility of utilizing CO, as refrigerant in cooling the fluid on the
fly while being infused using the same evaporator plates of the mild-moderate unit.
Therefore using CO,-liquid phase instead of recycled Freon. A device built on this
premise does not require a condensing unit and may be designed with 12 VDC
components with low electrical power requirements. Therefore it can be of much reduced
weight and size and capable of operating on battery power. However we encountered
problems with CO, freezing when released at the fast rates needed to cool the fluid
sufficiently (below 5°C) at 2 L/min. When liquid CO2 is passed through a pressure-
dropping orifice to atmosphere or near-atmosphere conditions, the flow becomes a
combination of gas and entrained solid dry ice particles, that under high-flow conditions,
can clog the low pressure piping if no heat is allowed to warm the pipe via natural or
forced convection from the environment (see Appendix | for details). Therefore more work
is needed for a modified evaporator. Also, because a large volume of CO,is needed,
which is an oxygen displacer, a device based on this method of cooling can only be used
outdoors.




Figure 5. Photograph of the combat profound hypothermia induction device engineering
prototype.

Hybrid Device

The idea of combining the two units into a single portable unit that could be used to
induce either mild/moderate or profound hypothermia was included in the original
proposal. One approach is to merely combine the two existing units into one. However
the resultant unit would be too heavy and bulky and require 120 VAC for operation. To
miniaturize such a unit for portability, the best approach is to rid the cold box and
refrigeration system of the profound unit and rely on cooling the blood or the fluid with a
heat exchanger similar to the mild-mod unit. We tested, as a first step, the second mild-
moderate engineering prototype to determine whether it would chill the fluid sufficiently
on the fly (see Appendix U). To be effective in inducing profound hypothermia, the fluid
temperature must be reduced to below 5°C. The cooling power of this device was not
sufficient to chill the fluid to this level at the fast flow rate of 2 L/min required for profound
hypothermia induction (note that it is estimated that 3000 W of cooling power is required).
The cooling power was not sufficient even at 1 L/min. As a second step we tested using
CO as the refrigerant (see Appendix |). Subsequently a concept was formulated for the
possible configuration of a hybrid portable device. Such a device will utilize CO,, operate
on a 12V battery, weigh about 100 Ibs including the weight of the 20 liters of fluid, and
measure 2.5 ft x 3 ft x 1ft. The compressed CO2 cylinder is not included. We established
that such a device can be used to induce mild-moderate hypothermia (Mild-Moderate
Hypothermia Induction Devices section) however, the feasibility of such a device hinges
on more testing as described in the Profound Hypothermia Induction Device's section.

Test Fixtures

In the course of bench testing at Ardiem Medical, Inc., the need of a test subject for
testing cooling or heating device capabilities became obvious. We therefore designed a
thermodynamic equivalent of a 25 kg body (see in Appendix V for details).

Also for testing the calibration of the measuring electronics, we designed a temperature
calibrator. The calibrator accuracy was found by testing to be comparable to a NIST
traceable instrument (see Appendix W for details).

Key Research Accomplishments

e Designed and constructed non-portable mild-to-moderate prototypes (2) that were
successfully tested in SCRR laboratory animal studies

11




Refined and reiterated the design of, and upgraded the laboratory mild-moderate
hypothermia induction device, based on the test data generated by laboratory
testing at Ardiem and at SCRR on animals.

Generated design requirements of the mild-moderate hypothermia induction
device for hospital use (ER).

Researched the CO2 cooling method for application and ways of miniaturizing
and simplifying the mild-moderate hypothermia induction device to create a
portable device suitable for field use.

Designed and constructed non-portable profound prototypes (2) that were
successfully tested in SCRR laboratory animal studies

Refined and reiterated the design of, and upgraded the laboratory profound
hypothermia induction device, based on test data generated by laboratory testing
at Ardiem and at SCRR on animals.

Generated design requirements of the profound hypothermia induction device for
hospital use (ER).

Researched techniques for miniaturizing and simplifying the profound
hypothermia induction device in order to create a portable device suitable for
emergency vehicle use.

Generated preliminary design requirements of the profound hypothermia induction
device for emergency vehicle (EV) use.

Researched techniques for miniaturizing and simplifying the profound
hypothermia induction device to create a portable device suitable for combat use.

Generated preliminary design requirements of the profound hypothermia induction
device for battlefield use (combat).

Designed and fabricated a prototype of the combat profound Hypothermia
Induction device.

Researched the CO2 cooling method for application in a combination
(profound/mild-moderate) portable device suitable for field use.

Reportable Outcomes
See the body of this report.

There are no technical publications in connection with this work by Ardiem Medical, Inc.
However the device use and performance has been and will be reported in SCRR
publications.

Two provisional patent applications for devices that induce mild-moderate and profound
hypothermia were submitted to Patent and Trademark Office on May 21, 2004.




Conclusions
The conclusions that result from this work are:

Fabrication and verification of mild-moderate and profound hypothermia induction
devices for hospital use that use existing and proven technology has been
established.

Fabrication of portable profound hypothermia induction devices for emergency
vehicle and battlefield use that use existing and proven technology is feasible.

Fabrication of portable mild-moderate hypothermia induction devices for
emergency vehicle and battlefield use that use existing and proven technology is
feasible.

Fabrication of portable combination profound/mild-moderate hypothermia
induction device for field use may be feasible.
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Abstract

The information | provide in this technical report is a compilation and synopsis of material from several reliable sources. It
is meant to provide a practical approach for designing and analyzing analog and digital proportional-integral-derivative
(PID) feedback controllers based on theoretical concepts. | assume that the controlled process is temperature but can be
adapted to any other process. To facilitate the design/analysis, | also created some spreadsheets and PSpice programs
described in the body of the report.
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